The synthesis and characterisation of the nonsymmetric liquid crystal dimer, 1-(4-cyanobiphenyl-4 0 -yloxy)-6-(4-cyanobiphenyl-4 0 -yl)hexane (CB6OCB) is reported. An enantiotropic nematic (N)-twist-bend nematic (N TB ) phase transition is observed at 109 1C and a nematic-isotropic phase transition at 153 1C. The N TB phase assignment has been confirmed using polarised light microscopy, freeze fracture transmission electron microscopy (FFTEM), 2 H-NMR spectroscopy, and X-ray diffraction. The effective molecular length in both the N TB and N phases indicates a locally intercalated arrangement of the molecules, and the helicoidal pitch length in the N TB phase is estimated to be 8.9 nm. The surface anchoring properties of CB6OCB on a number of aligning layers is reported. A Landau model is applied to describe high-resolution heat capacity measurements in the vicinity of the N TB -N phase transition. Both the theory and heat capacity measurements agree with a very weak first-order phase transition. A complementary extended molecular field theory was found to be in suggestive accord with the 2 H-NMR studies of CB6OCB-d 2 , and those already known for CB7CB-d 4 . These include the reduced transition temperature, T N TB N /T NI , the order parameter of the mesogenic arms in the N phase close to the N TB -N transition, and the order parameter with respect to the helix axis which is related to the conical angle for the N TB phase.
Introduction
The nematic phase, N, is the simplest but technologically most important liquid crystal phase. The rod-like molecules in the N phase are anisotropically distributed but on average tend to point in the same direction known as the director. If the constituent molecules are chiral then the chiral nematic phase, N*, is observed. At the molecular level, the N and N* phases are indistinguishable but in the N* phase, the director traces out a helix with an axis perpendicular to the director. A third nematic is represented by so-called blue phases, in which the twist propagates along two axes. A fourth nematic phase, the biaxial nematic phase, N B , has been discovered in lyotropic systems but has yet to be observed unequivocally in a low molar mass thermotropic liquid crystal. 1 The recent discovery of a fifth nematic phase, the twist-bend nematic phase, N TB , has understandably caused considerable excitement. This was predicted by Meyer, 2 and by Dozov 3 who proposed that certain mesogenic molecules might have a tendency to pack into bent structures. Pure uniform bend in space is impossible, thus the spontaneous bend must be accompanied by other deformations of the local director, either twist or splay, giving rise to the so-called twist-bend nematic, or splay-bend nematic, respectively. In the N TB phase the director exhibits periodic twist and bend deformations forming a conical helix with doubly degenerate domains having opposite handedness. The director is tilted with respect to the helical axis, and hence, it may be considered as the generalised case of the conventional a Department of Chemistry, School of Natural and Computing Sciences, N* phase in which the director is orthogonal with respect to the helical axis, see Fig. 1 . The N TB phase is a particularly fascinating and unique phase for a number of reasons, not least because it is spontaneously chiral although composed of effectively achiral molecules. This qualification requires some explanation since a constituent molecule being flexible exists in a range of conformers. These occur in pairs which are related by a mirror plane and have equal probabilities; consequently the conformationally averaged structure is achiral. 4 The N TB phase was first identified for 1,7-bis-4-(4 0 -cyanobiphenyl) heptane, CB7CB, 5 and the assignment confirmed using freeze fracture transmission electron microscopy (FFTEM). 6, 7 CB7CB is an example of a liquid crystal dimer comprising molecules containing two mesogenic units linked by a flexible spacer. 8, 9 The para axes of the two cyanobiphenyl mesogenic units in an odd-membered dimer are inclined with respect to each other when the spacer is in the all-trans conformation, and this bent molecular shape which exists for most other conformers is thought to be a prerequisite for the formation of the N TB phase.
Only a limited number of other liquid crystal dimers have been reported to show the N TB phase. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Additional examples of twist-bend nematogens include two liquid crystal trimers, 20, 21 and a rigid bent-core liquid crystal. 22 Given this small set of known twist-bend nematogens, we have yet to develop and understand the empirical relationships linking molecular structure to the formation of the N TB phase. Even at this early stage, however, it does appear clear that a bent molecular shape, most often achieved by using methylene linkages between the spacer and mesogenic units, is a prerequisite for the observation of the N TB phase, 23 and this view is supported by predictions made using a generalised Maier-Saupe theory modified to take into account the bent molecular architecture by assuming a V-shaped particle, and the twist-bend modulation of the director. 24 This predicts that the N TB -N transition temperature is particularly sensitive to the molecular bend angle, defined as the angle between the mesogenic arms, and that the N TB phase is only seen for a limited range of bend angles. The bent molecular shape yields not only the thermodynamically stable N TB phase but also a standard nematic with anomalously small bend elastic constants. 6, 19, 24 The latter feature leads to interesting electro-optical effects in a nematic doped with chiral dopants, such as electrically controlled selective reflection of light. 25 The N TB phase is not necessarily preceded by a nematic phase, and an example of a N TB -I transition has recently been reported for a pure dimer where the transition results from reducing the spacer length to just three methylene groups. 26 It has also been found to be possible to induce a N TB -I transition for a dimer having nine methylene groups by the addition of a chiral dopant. 27 In an attempt to clarify the relationships between the formation of the N TB phase and molecular structure, and in particular to the molecular curvature, here we describe the transitional properties of a nonsymmetric liquid crystal dimer, 1-(4-cyanobiphenyl-4 0 -yloxy)-6-(4-cyanobiphenyl-4 0 -yl)hexane, and refer to this using the acronym CB6OCB. The nonsymmetry in this molecule arises from the differing nature of the links between the mesogenic units and flexible spacer. At one end of the spacer the link is an ether group while at the other it is a methylene unit. As we will see, CB6OCB exhibits the twist-bend nematic phase and this is characterised in detail using a range of techniques. In Section 3.1 we investigate the phase behaviour of CB6OCB using modulated DSC, polarised light microscopy and X-ray diffraction and this reveals an enantiotropic N TB -N phase transition. The chirality of the N TB phase is confirmed using NMR spectroscopy in Section 3.5. In Section 3.2, we study the surface anchoring properties of CB6OCB on a number of alignment layers. The N TB phase assignment is confirmed in Section 3.3 using FFTEM. In Section 3.4, we describe the N TB -N phase transition of CB6OCB using a Landau approach and extract the thermodynamic properties. In Section 3.5 we measure the chirality, a defining quantity of the N TB phase, and the orientational order of the N and N TB phases for CB6OCB-d 2 .
The orientational order of CB6OCB is compared with that of CB7CB which are surprisingly different given the small difference in chemical structure of the dimers. Finally, in Section 3.6 a molecular field theory is described to better understand the phase behaviour of CB6OCB and how it relates to that of the structurally similar CB7CB.
Experimental

Synthesis
The syntheses of CB6OCB and CB6OCB-d 2 are described in detail in the ESI. †
Modulated differential scanning calorimetry (MDSC)
Modulated differential scanning calorimetry (MDSC) measurements were performed according to two main procedures in order to obtain heat capacity data. To study the overall thermal behaviour of CB6OCB measurements were performed at heating and cooling rates of 1 K min À1 , a temperature amplitude of 0.5 K and a period of 60 s. To study the critical behaviour of the N TB -N and N-I phase transitions, measurements were carried out very slowly using heating and cooling rates of 0.01 K min À1 , a temperature amplitude of 0.07 K and a period of 23 s.
X-ray diffraction
X-ray diffraction patterns were obtained at several temperatures using a Panalytical X'Pert Pro diffractometer (l CuKa = 1.54 Å) in a step scanning mode (2y range from 0.51 to 301). An Oxford Cryosystem was used as a temperature controller for the sample which consisted of a glass capillary tube (0.5 mm diameter) filled with liquid crystal, spinning around the y-axis during the experiment.
Optical studies
Flat glass cells were used to explore the optical textures and establish the transitional behaviour of CB6OCB. The cell thickness, d, was set by glass spacers attached with UV-glue NOA 65 (Norland Products, Inc.). All of the experiments were performed above the crystallization temperature to avoid a possible memory effect. 28 The temperature was controlled by a LTS350 hot stage with a TMS94 controller (both Linkam Instruments) with 0.01 K accuracy. The typical rate of temperature change was between AE0.10 K min À1 and AE1.00 K min À1 to minimize the effects of thermal expansion on textures. [29] [30] [31] 
Freeze fracture transmission electron microscopy (FFTEM)
To prepare the replica for FFTEM studies, CB6OCB was heated to the isotropic phase and cooled slowly to 368 K to obtain the N TB phase. The sample was then rapidly frozen in liquid nitrogen and fractured at 123 K in a BalTec BAF060 freeze fracture apparatus. The fractured surface was replicated by the deposition of Pt/C (4 nm in thickness) at 451, followed by the deposition of a 20 nm carbon film. The replica was collected on carbon coated TEM grids and observed using a FEI Tecnai F20 TEM. Detailed experimental procedures can be found elsewhere. 32 
Deuterium NMR spectroscopy
The deuterium ( 2 H) NMR spectra of CB6OCB-d 2 were measured using a Varian Chemagnetics 400 MHz spectrometer operating at 61.54 MHz with a magnetic field strength of 9.40 T. The sample of the dimer was placed in a short NMR tube which was placed orthogonal to the field. A single pulse of 6 ms duration was used with a 0.08 s delay between pulses. 4000 FIDs were accumulated into 4096 words of computer memory with a spectral window of 149.9 kHz. The temperature of the sample was controlled via a Chemagnetics Temperature Controller to AE0.2 K.
Molecular structure calculations
The geometric parameters and torsional potentials of CB6OCB and CB7CB were determined by quantum mechanical (QM) DFT calculations. 33 This information was then used to generate molecular conformations by Monte Carlo sampling. Fig. 2 shows the molecular structure of the two compounds, as obtained from geometry optimizations at the DFT/B3LYP/6-31G** level of theory. These calculations provided values for bond lengths and bond angles. The bond angle C ar ÔC in the ether linkage is equal to 1191, whereas the bond angle C ar ĈC in the methylene linkage is equal to 1131 (C ar is the aromatic carbon).
The bonds that were allowed to rotate are shown by arrows in Fig. 2 ; the corresponding dihedral angles are denoted by w i . The torsional potential for the biphenyl twist angle (w 0 and w 9 ) was deduced from the literature. 34 It is characterized by four equivalent minima located at BAE351 and BAE1451, and energy barriers of about 8 kJ mol À1 for planar and perpendicular arrangement of the rings. For all other dihedrals, torsional potentials were obtained by DFT calculations on representative molecular fragments. Calculations were performed at the DFT/B3LYP/6-31G** level of theory, with the exception of the w 6 dihedral of CB6OCB, for which the MP2/6-31G** level was used. The torsional potential for the C ar -C ar -C-C dihedrals (w 1 and w 8 in CB7CB, w 1 in CB6OCB) exhibits two equivalent minima at AE901, corresponding to perpendicular arrangement of the phenyl ring with respect to the C ar -C-C plane; barriers of about 4 kJ mol À1 are found for nearly planar configurations. Two equivalent minima were also found for the C ar -C ar -O-C dihedral (w 8 in CB6OCB), but these are located at 01 and 1801, corresponding to a coplanar arrangement of the phenyl ring and the C ar -O-C plane; the minima are separated by energy barriers of B14 kJ mol À1 located at AE901. These results are in agreement with those reported in the literature for ethyl-and ethoxybenzene at the DFT/B3LYP/6-311G(2d,p) level of theory. 35 The C-C-C-C dihedrals w i (i = 3-6 for CB7CB, i = 3-5 for CB6OCB) and the C ar -C-C-C dihedrals (w 2 and w 7 in CB7CB, w 2 in CB6OCB) exhibit minima for the trans (1801), gauche + (B+651) and gaucheÀ (BÀ651) states with the trans state more stable than the gauche states respectively by DV C-C-C-C gt B 3.5 kJ mol À1 and DV Car-C-C-C gt B 2 kJ mol À1 . The C ar -O-C-C dihedral (w 7 in CB6OCB) exhibits an absolute minimum for the trans state; relative minima are found at AE801, which are higher in energy than the trans one by about 6 kJ mol À1 . Well-defined trans and gauche minima were found also for the O-C-C-C dihedral (w 6 in CB6OCB), with the gauche states (w 6 B AE621) more stable than the trans state by DV O-C-C-C gt BÀ3 kJ mol À1 . This reversal of the gauche-trans stability order is in keeping with that reported in the literature for 1,3-dimethoxypropane, where it was suggested that this so-called gauche effect may result from favourable electrostatic interactions between the oxygen atom and the CH 2 group. 36 In Monte Carlo (MC) conformational sampling, at each move a certain (random) number of dihedral angles was changed by a random rotation: the resulting conformation was accepted or rejected on the basis of its torsional energy, according to the Metropolis criterion. 37 MC sampling of the full torsional potential was performed for all angles, with the exception of the biphenyl twist angle, for which the RIS approximation was adopted. 38 Structures having pairs of atoms closer than a cutoff distance of 0.82s, where s is the sum of their van der Waals radii, were discarded. In this way sterically hindered conformations were rejected. van der Waals radii equal to 0.185 nm (C), 0.15 nm (N and O), and 0.1 nm (H) were assumed. 39 For each molecular conformation, calculation of the mean field potential requires the definition of the molecular surface. This was generated using the library MSMS, 40 with a probe sphere radius of 0.3 nm and a density of vertices of 5 Å À2 . The same van der Waals radii used for the cutoff distance were assumed.
Results and discussion
3.1. Phase behaviour of CB6OCB Fig. 3 shows the dependence of the heat capacity on temperature for a sample of CB6OCB which had previously been cooled from the isotropic phase measured with an underlying heating/ cooling rate of 1 K min À1 . On heating, three transitions are evident, a strong first order transition at 373 K, a weak firstorder transition at 382 K and a first-order transition at 426 K. The enthalpy changes associated with these transitions will be discussed in detail later. On cooling from the isotropic phase, a characteristic nematic Schlieren texture develops containing both two and four brush point singularities when viewed through the polarizing microscope, and which flashed when subjected to mechanical stress. A representative Schlieren texture observed for CB6OCB is shown in Fig. 4(a) . On further cooling, coexisting regions of elliptical polygonal domain texture and a rope-like texture developed, see Fig. 4 (b), characteristic of the twist-bend nematic phase. 5, 6 At the N TB -N phase transition, the director fluctuations ceased, strongly suggesting a significant increase in viscosity. On further cooling, the sample crystallized. Fig. 5 shows isothermal X-ray diffraction patterns for CB6OCB as a function of the scattering vector q, defined as (4p/l)sin y, collected on cooling from the isotropic phase. The diffraction pattern obtained in the nematic mesophase contains two diffuse and wide scattering peaks at about 0.54 and 1.41 Å À1 . The twist-bend nematic phase shows qualitatively the same pattern as for the nematic phase. The absence of layer reflection peaks in the lower temperature phase supports the assignment of a twist-bend nematic phase. The effective molecular length in both the nematic and twist-bend nematic phases of about 12 Å corresponds to approximately half the estimated molecular length of CB6OCB in the all-trans conformation of 26.3 Å. This suggests a locally intercalated arrangement of the molecules consistent with that found for other dimers found to exhibit the twist-bend nematic phase. 
Optical properties of CB6OCB
To explore surface anchoring properties of the compound, we used three polyimides (PIs) and an obliquely deposited SiO x layer as the aligning layers. To achieve a perpendicular (homeotropic) alignment of the director, n, in the N phase and the helix axis in the N TB phase, two PI layers, SE7511 and SE1211 (both Nissan Chemical Industries), have been tested; these PIs provide a homeotropic anchoring for classic uniaxial nematogens such as E7 and 5CB. However, the uniaxial nematic phase of CB6OCB exhibits only Schlieren textures between the plates coated with SE7511 and SE1211, see Fig. 6 (a). The Schlieren textures exhibit only point defects-boojums located at the bounding plates, associated with four extinction brushes each, see Fig. 6 (a). Defects with two extinction brushes representing disclinations with director reorienting by AEp when one circumnavigates the defect core, are not observed. This feature suggests that SE7511 and SE1211 yield tilted surface alignment of the director; such a boundary condition is incompatible with the director reorientation by AEp in the plane of the cell. 41 As the temperature is lowered towards the N TB -N transition, the Schlieren textures become decorated with stripe patterns, see Fig. 6 (b), usually associated with the temperature dependence of the pitch in the N TB phase and undulation instability of the pseudo-layered N TB structure. 42 Thin cells treated with PI2555 (HD Microsystems) provide a good tangential anchoring for CB6OCB over the entire temperature ranges of the N and N TB phases. If the cells are thin (d = 3.6 mm), the rubbed PI2555 provides a uniform alignment of the director in the N phase, Fig. 7 (a); upon the transition into the N TB phase, the texture develops stripes parallel to the rubbing direction, Fig. 7 (b). This orientation correlates with the idea that the stripes represent periodic undulations of the N TB pseudolayers. Since the axis of the twist-bend structure is aligned along the rubbing direction, periodic bend of undulating pseudolayers develops in the orthogonal direction; hence the stripes are parallel to the rubbing direction, as observed, Fig. 7 (b). As the cell thickness d increases, PI2555 planar alignment quality deteriorates, see Fig. 7 (c and d). However, even in this case, one can observe N textures exhibiting centres with two dark brushes that correspond to AE1/2 disclination lines joining the two opposite glass plates of the cell, see Fig. 7 (c). Their existence suggests that the director orientation is close to being tangential to the bounding plates. The quality of planar alignment is best when the material is confined between the plates with SiO x layers. These cells feature monodomain textures in the N phase and well-aligned stripes in the N TB phase even when their thickness is relatively large, d = 6.1 mm, see Fig. 8 .
FFTEM of CB6OCB
The FFTEM of CB6OCB rapidly frozen at the N TB phase transition temperature (T = 368 K) reveals a domain structure with different orientations, similar to earlier observations of other materials with N TB phases. 6, 7, 32 Fig. 9 (a) is a representative FFTEM image showing a well-defined 1D periodic structure with a period of 8.9 nm. The lack of surface steps indicates that the fracture surface is parallel to the helical axis. 6 Besides the straight layers, slightly bent layers can also be observed. For example, Fig. 9 (b) shows an area close to the domain boundary (the right-hand side of the image). The fast Fourier transform (FFT) patterns indicate a decreasing curvature with increasing distance from the domain boundary.
The FFTEM textures are very similar to the earlier FFTEM results on CB7CB. 6, 7 For CB7CB, a comprehensive study showed that the pseudo-layered structure of the N TB phase can only be observed using the surface-sensitive replica FFTEM, while the direct cryo-TEM observation of thin films prepared by cryo-ultramicrotomy produces no clear contrast. 32 The absence of the layered structure in cryo-TEM images of the material strongly supports the idea that the N TB structure has no spatial modulations of mass/electron density, and that the periodic pattern seen in FFTEM is caused by the director modulations revealed through the surface shadowing effect during the replica preparation.
Observation of bend deformations of the periodic patterns in FFTEM textures (see Fig. 9 (b)), reported also for other N TB materials, 6, 7, 32 is an important feature that further supports the one-dimensional character of structural modulation as opposed to the three-dimensional modulation characteristic of solid crystals. Similar bend deformations are often met in smectics and short-pitch cholesterics in which there is no positional order within the 'layers'. Note also that, as in our previous observations of the N TB textures, 6,32 the period of patterns can vary from region to region. In the case of CB6OCB, the period of the straight layers seen in the parallel fractures, vary between 8.9 nm and 9.1 nm; while an even larger variation can be found for bent layers. For example, in the domain with the bent layers shown in Fig. 9(b) , the period changes from 8.6 nm (near the boundary) to 9.3 nm (further away from the boundary).
The N TB -N phase transition
The N TB -N phase transition of CB7CB was the first to be identified. 5 Heat capacity data indicated that a non-zero latent heat (DH N TB N ) is associated with the transition, 5 and birefringence measurements 43 show an apparent discontinuity in the conical angle at the phase transition which, as in both the Dozov Landau-like model 3 and a more recent molecular field theory, 24 is one of the possible order parameters characteristic of the N TB phase.
One feature of the existing theoretical models for the N TB -N phase transition is based on the Landau theory 3, 44, 45 with the Oseen-Frank free energy as the starting point for the modeling of a twist-bend nematic phase. Dozov proposed a purely elastic approach taking the conical angle and the pitch as characteristic order parameters. 44 Shamid et al. proposed a detailed approach based on the existence of polar order and bend coupling, i.e., a coupling which favours polar order along the bend. 45 However, these theoretical approaches predict a second-order N TB -N phase transition that, to date, has not been found experimentally. More recently, a microscopic approach of the generalised Maier-Saupe theory 24 giving remarkable advances in the field, also predicts a second-order N TB -N phase transition.
A very recent theoretical study based on the Landau theory by Kats and Lebedev 46 argues that because of the short pitch of the heliconical structure, the N TB -N phase transition takes place at a finite pitch in a similar way to the SmA-N phase transition. Likewise, the polar order should not be included in the Landau expansion. The order parameter chosen by Kats and Lebedev is a short-range vector field, j a , containing the conical angle and the pitch of the heliconical structure where a denotes a laboratory frame. On this basis, López et al. 47 have developed a Landau model with just two key order parameters for the N TB phase: a symmetric and traceless tensor Q ab for the orientational order parameter and the vector field j a . The Landau functional, in its simplified form, can be written as a function of j, the absolute value of the vector field j a , which is related to the tilt angle, y 0 , as sin y 0 , in such a way that the free energy density for the twist-bend nematic phase is expressed as:
Eqn (1) depends upon two effective elastic constants K eff 3 and K eff 2 related to the bend and twist elastic constants K 3 and K 2 , respectively. The key result of eqn (1) is linked with the value of K eff 2 that must be negative to be consistent with a finite helix pitch. This fact implies that the N TB -N phase transition is predicted to be always first order, its strength being related to the value of K eff 2 which becomes less negative as the nematic range increases. The first-order N TB -N phase transition takes place at T 1 defined as
where T C is the temperature of a hypothetical second-order phase transition when K eff 2 vanishes for a wide enough nematic range. The coefficient K 3,0 is defined to be positive so that K eff 3 = K 3,0 (T-T C ).
The excess heat capacity (DC p = C p,N TB -C p,N ) is easily obtained from the excess free energy density (Df = f TB -f N ) given by eqn (1) as
where A* is a coefficient depending upon K eff 2 and K 3,0 . The temperature T K represents the temperature of the metastability limit for the twist-bend nematic phase on heating and is related to both T C and T 1 by means of the relationship
The heat capacity of the nematic phase (C p,N ) is usually described, close to the N TB -N phase transition, by the linear function
and so, the heat capacity of the twist-bend nematic phase (C p,N TB ) is expressed from eqn (3) as
The coefficients A*, B* and C* and the temperatures T K , T C and T 1 of both eqn (5) and (6) are obtained as fitting parameters from the experimental results of high-resolution heat capacity data in the vicinity of the N TB -N phase transition, but close to the phase transition. Fig. 10 shows the heat capacity data for a slow heating run (0.01 K min À1 ) around the N TB -N phase transition. We also show heat capacity data for a slow cooling run but only in the nematic phase and when the N TB -N phase transition begins. The coexistence region, a signature of the first-order character of the N TB -N phase transition, is delimited by the vertical dashed lines and is determined using f-phase shift data which, for simplicity, are not shown in the figure. Eqn (6) is used to fit only heat capacity data on heating in the N TB phase up to the lower limit of the coexistence region and the result is shown in Fig. 10 as the blue curve. Eqn (5) is used to fit the heat capacity data recorded on cooling the N phase to the upper limit of the coexistence region, shown in Fig. 10 as the red curve. A preliminary, quantitative result from our fittings is given by the temperaturediscontinuity metric (T 1 -T C ) which is 0.025 K, a value which is certainly small showing that the N TB -N phase transition is very weakly first-order in nature. The other fitting parameters will be used later to estimate the entropy change at the N TB -N phase transition according to the proposed Landau model.
The latent heat associated with the N TB -N phase transition (DH N TB N ) has been calculated using
for the data in Fig. 10 . It should be stressed in eqn (7) that the second term of the right-hand side is the pretransitional fluctuation contribution (DC p being the difference C p -C p,background due to the change of orientational order intrinsic to this transition) and DH TOT is the total integrated enthalpy change, usually provided with a certain accuracy in standard DSC experiments.
In strongly first-order phase transitions, the second term of the right-hand of eqn (7) can be neglected compared to the latent heat and so the total enthalpy change is identified with the latent heat associated with the phase transition. However, in weakly first-order phase transitions, the latent heat should not be identified with the total enthalpy change obtained in standard DSC measurements. In our case, the resulting latent heat (DH N TB N ) requires careful calibration with a standard similar to CB6OCB. Two liquid crystals, 4-octyloxy-4 0 -cyanobiphenyl (8OCB) and CB9CB were used independently for latent heat calibration purposes. The values obtained were similar and the results are listed in Table 1 together with the entropy change DS N TB N calculated as the ratio between the latent heat and the transition temperature T 1 . The Landau model embodied by eqn (1) provides the entropy change at the N TB -N phase transition (DS N TB N ) as
Our fittings using eqn (5) and (6) lead to a value for (T K À T 1 ) of 0.009 K with a coefficient A* of 3 Â 10 À3 J g À1 K À2 . Thus, according to eqn (8) , the entropy change at the N TB -N phase transition (DS N TB N ) would be 1.6 Â 10 À4 J g À1 K À1 or 0.009 expressed as DS N TB N /R, a value very close to that listed in Table 1 . Here, the nematic range is also listed, being the widest for the twist-bend compounds investigated up to now for which the entropy data are available with the required accuracy. 5, 12 It should be stressed that the Landau model embodied by eqn (1) establishes that, the wider the nematic range, the weaker the first-order N TB -N phase transition is. Another interesting fact provided by the Landau model represented by eqn (1) is that the height of the heat capacity peak at the N-N TB phase transition must decrease as the first-order transition becomes weaker, a fact that is clearly verified if we observe Fig. 10 and compare this with other high resolution heat capacity measurements for other twist-bend nematogenic compounds. 5, 12, 47 The inset in Fig. 10 shows the heat capacity data around the N-I phase transition measured at the same experimental conditions as the N TB -N phase transition. It is useful to note some Fig. 10 Heat capacity data for a slow heating run (0.01 K min À1 -black symbols) around the N TB -N phase transition. Also shown are heat capacity data for a slow cooling run (red symbols) in the nematic phase and for the onset of the N TB -N phase transition. The coexistence region, is indicated by the vertical dashed lines. The blue curve shows the fitting of the data using eqn (6) to the lower limit of the coexistence region, and the red curve shows the fitting of the cooling data using eqn (5) . The top-left inset shows heat capacity data for a slow heating run for the same conditions around the N-I phase transition.
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both eqn (9) and (10) are presumed to be valid in a region of no more than AE3 K around the nematic-isotropic transition temperature (T NI ), but excluding all of the points in the coexistence region. The parameters to be fitted are the exponent a (identical for the N and I phases), both spinodal temperatures T** and T*, the B C and D C terms defining the heat capacity background and the corresponding amplitudes A C,N and A C,I . The fitting curves of both eqn (9) and (10) are shown as red and grey curves in the inset of Fig. 10 . The quantitative key result from our fittings is the critical exponent, a, of 0.5, the ratio (DT**/DT*) of 0.6 is very close to 0.5 which corresponds to the tricritical hypothesis and the ratio (A C,N /A C,I ) of about 2 which is typical for a tricritical N-I phase transition. 50 The latent heat associated with the phase transition is calculated using an expression similar to eqn (7) with the same calibration procedure over the heat capacity data shown in the inset of Fig. 10 . The value is listed in Table 1 .
Chirality and orientational order of the N TB phase
The N TB and N phases of the dimer CB6OCB were studied, using 2 H NMR spectroscopy, as a function of temperature for the nematogen deuteriated in the first methylene group of the spacer attached directly to a cyanobiphenyl group. The selection of 2 H NMR spectra, given in Fig. 11 , shows the single quadrupolar doublet expected in the nematic phase for the equivalent prochiral deuterons on the first methylene group in the spacer. In the N TB phase two quadrupolar doublets are now observed because the two prochiral deuterons have lost their equivalence as a result of the chirality of the N TB phase. This provides clear evidence for the chirality expected of the N TB phase even though the molecules are, in effect, achiral. On passing from the N to the N TB phase the loss of equivalence of the prochiral deuterons is almost continuous in keeping with the very weak nature of the first-order N TB -N transition. The final spectrum shown in Fig. 11 was recorded at a temperature deeper in the N TB phase and shows a significant difference of the quadrupolar splittings for the two prochiral deuterons. This behaviour in the difference of the two quadrupolar splittings, shown in Fig. 11 , indicates the chirality of the phase but at a quantitative level it is related to an off-diagonal element of a Saupe ordering matrix for the rigid segment of the molecule containing the deuterons and averaged over all the conformations. 51 To connect this to the growth in the helical pitch with increasing temperature requires a molecular model such as that developed by Greco et al. 52 The quadrupolar splittings, Dn, are shown as a function of the shifted temperature, (T NI -T), in Fig. 12 . Since the nematicisotropic transition temperature is high, at 426 K, it was not possible, unfortunately, to make deuterium NMR measurements at or near the transition to the isotropic phase. In the vicinity of the transition to the N TB phase it appears that the quadrupolar splitting in the N phase exhibits a plateau or even passes through a weak maximum. This is not as pronounced, however, as that shown by the KA(0.2) mixture of ether and methylene-linked odd dimers which might be thought of as analogous to a methylene-ether linked odd dimer. 10 Here the nematic range is about 39 K slightly less than for CB6OCB which is about 45 K. The temperature dependence of the two prochiral quadrupolar splittings, Dn AE , for CB6OCB-d 2 is also shown in Fig. 12 , one of these, Dn + , increases slightly with decreasing temperature while the other, Dn À , decreases more rapidly.
The quadrupolar splitting in the nematic phase is properly compared with the mean, (Dn + + Dn À )/2, of the two prochiral splittings determined in the twist-bend nematic phase, 51 see Fig. 12 . This mean splitting, shown in the figure, is clearly consistent with the notion of the occurrence of a very small maximum in the quadrupolar splitting with decreasing temperature. The mean quadrupolar splitting in the twist-bend nematic phase of CB6OCB-d 2 is seen to decrease with decreasing temperature which is in accord with an increase in the conical or tilt angle, y 0 ; this is another characteristic order parameter for the twist-bend nematic phase. The influence of this on the mean quadrupolar splitting clearly outweighs the increase caused by the growth in the orientational order of the cyanobiphenyl group attached to the methylene group. 53 As we have seen the difference in the quadrupolar splittings in the twist-bend nematic phase demonstrates the chirality of the phase. This, so-called, chiral splitting, (Dn + À Dn À ), increases continuously from about zero at the N TB -N transition with decreasing temperature. The influence of the orientational order as well as the director tilt with respect to the helix axis on this behaviour might also be explored as could the fit to theory. 52, 53 In view of the subtle difference in the structure of the two odd liquid crystal dimers CB7CB and CB6OCB, having the same spacer lengths, where one methylene linking group is replaced with an ether group it is of special interest to compare the quadrupolar splittings found for CB6OCB-d 2 with those already measured for CB7CB-d 4 . 5 As has been shown this apparently subtle chemical and hence geometric change has a significant influence on the N-I transitional properties of odd liquid crystal dimers differing in the linkages, either methylene or ether. 54 It is also expected to influence the orientational order, as reflected by the quadrupolar splittings in both the nematic and twist-bend nematic phases. This comparison is made in Fig. 13 where the splittings are shown as a function of the shifted temperature, (T N TB N -T); this choice of scale facilitates the comparison of the behaviour in the N TB phase of the two dimers at comparable temperatures.
We start, however, with the results in the nematic phase. It is apparent that for CB7CB-d 4 the quadrupolar splitting increases strongly with decreasing temperature as the transition to the N TB phase approaches and the shifted temperature increases. In marked contrast the quadrupolar splitting for CB6OCB-d 2 is essentially constant in the vicinity of this transition and even decreases, though slightly, at more negative shifted temperatures. In addition to the slopes of the plots the absolute values of the quadrupolar splittings are significantly larger for CB6OCB-d 2 than for CB7CB-d 4 at the phase transition. These differences in behaviour appear to be consistent with the smaller curvature of the molecule expected for the conformationally averaged structure of the dimer CB6OCB than for CB7CB. The difference between the absolute splitting in the N phase and the mean quadrupolar splitting in the N TB phase at the transition for CB6OCB-d 2 is small, this is consistent with the weak first-order phase transition. In contrast, for CB7CB-d 4 the same difference is large and clearly observable in accord with the stronger first-order N TB -N transition. Again the different behaviour found for the two dimers is consistent with the difference in their mean curvatures. In addition, the Landau model developed for the N TB -N phase transition, 47 which is similar in some respects with other models devoted to the SmA-N phase transition, [48] [49] [50] suggests that the closer the reduced temperature, T N TB N /T NI , is to unity the stronger the N TB -N transition should be. This transitional behaviour is also exhibited by the entropy change DS N TB N /R which is 0.07 for CB7CB and significantly smaller at 0.006 for CB6OCB. This difference is in keeping with the difference in the nematic range for the two dimers. 55 The other significant difference between the two dimers is in the behaviour of the mean quadrupolar splittings in the twist-bend nematic phase. Thus for CB6OCB-d 2 the mean splitting decreases with increasing shifted temperature indicating that the influence of the growth in the tilt angle outweighs that in the orientational order. However, for CB7CB-d 4 the reverse appears to be the case, thus the mean quadrupolar splitting grows slightly after the phase transition and then reaches an essential plateau.
The chiral splittings for the two dimers are seen to exhibit quite different behaviour at the N TB -N transition. For CB6OCBd 2 the chiral splitting seems to be small in keeping with the weak first-order phase transition. However, for CB7CB-d 4 the transition is much stronger and the chiral splitting now differs significantly from zero. It appears that the off-diagonal element in the conformationally averaged Saupe ordering matrix which results from the phase chirality is somewhat larger for CB7CB than for CB6OCB although a theory has yet to be developed that accounts for this difference in behaviour. In spite of this significant difference at the phase transition the chiral splittings at the same Fig. 12 The quadrupolar splittings, Dn, for CB6OCB-d 2 shown as a function of the shifted temperature (T NI -T) in the nematic and twist-bend nematic phase. In the N TB phase the two splittings from the prochiral deuterons ( , Dn + , and , Dn À ) are also shown as the mean splitting (Dn + + Dn À )/2 ( ) and as the chiral splitting (Dn + À Dn À ) (K). Fig. 13 A comparison between the temperature dependence of the quadrupolar splittings, Dn, for CB6OCB-d 2 and CB7CB-d 4 in the nematic and twist-bend nematic phases. The quadrupolar splittings in the N TB phase are also shown as the mean ( ) for CB6OCB and ( ) for CB7CB. Here they are plotted as a function of the shifted temperature (T N TB N -T). The same shifted scale is employed in the N phase, ( ) for CB6OCB and ( ) for CB7CB.
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shifted temperatures some way from the transition are really quite similar. This result which is not unique 56 is again puzzling and poses an interesting challenge to theory.
Molecular field theory
The experimental NMR and transitional results given in the previous section for the non-symmetric dimer CB6OCB and their comparability to those for the symmetric dimer CB7CB, about which so much is known, provides a valuable opportunity to test the validity of theoretical predictions. 3, 24, 47 This is particularly appropriate given the clear similarity of the structures of the two dimers differing, as they do, simply by the replacement of the ether by a methylene group. Indeed it is possible to explore the effect of this change in the molecular structure and especially the curvature of the conformationally averaged form of this. 57 It is expected that the mean curvature for CB7CB will be larger than for CB6OCB. The results of particular importance are the transition temperatures, T NI and T N TB N , as well as the orientational order parameters for both the N and the N TB phases. Using NMR spectroscopy the quadrupolar splittings are measured with respect to the magnetic field of the spectrometer; in the N phase this corresponds to the director, denoted by n, but in the N TB phase it is associated with the helix axis, denoted by h. 51 We start with a brief description of the molecular-based theory proposed by Greco et al. 24 Here the constituent odddimer molecules, with the intrinsic flexibility of the central spacer, are represented by a rigid V-shaped particle; this leads to a dramatic but valuable simplification of the model. We need to define the angle between the two mesogenic arms of the V namely, w, together with their lengths which were taken to be equal at L and the equivalent anisotropy of the arms, e. The three order parameters employed in the theory to define the twist-bend nematic phase are the pitch, p, of the helix, the conical angle, y 0 , made by the director with the helix axis and the second-rank orientational order parameter made by the arm of the molecular V with the director, hP 2 i. Of these order parameters all but hP 2 i vanish in the nematic phase. We should note that the order parameter with respect to the helix axis, hP h 2 i, is related to the conical angle which also vanishes in the N phase, and becomes hP 2 i. If we wished we could take the arms of the V to be unequal and in addition use a truncated V which is a more realistic description of the conformationally averaged shape of an odd dimer. 57 However, this is something for the future.
Calculations have been performed with w equal to 1301, 1351 and 1401 24 and of these 1351 is found appropriate to represent the behaviour of CB7CB. For our other dimer CB6OCB the value of w needs to be just 31 larger at 1381. Although there are no real mesogens with which these calculations can be compared it is of interest to make contact with the results of a Monte Carlo simulation for an ensemble of rigid V-shaped molecules formed by two Gay-Berne particles with their elliptical shape. This was studied by Memmer 58 who set the interarm angle at 1401 and found that this model system formed a twist-bend nematic phase. Unfortunately, the system was not investigated in great detail but it may be significant that the angle between the Gay-Berne groups is equal to one of those used with the molecular field model. 24 It is convenient to start with the orientational order parameters hP 2 i and hP h 2 i and these are shown as a function of the scaled temperature, T* = k B T/e, in Fig. 14; the temperatures scaled in this way are directly comparable to the experimental temperatures. Also included are results for the polar order parameter and although of interest we shall not refer to this further. From the two plots in Fig. 14 we can clearly see the N-I transition and that the N TB -N transition occurs when the order parameter, hP h 2 i, shown as a dashed line, branches away from hP 2 i When the inter-arm angle, w, is 1381 the scaled transition temperature, T NI *, is about 0.292. What is striking is that a decrease in w by just 31 to 1351 reduces the scaled transition temperature, T NI *, to about 0.272. The ratio of the two scaled nematic-isotropic transition temperatures is 1.074; this is directly comparable to that for the two dimers which for CB6OCB to CB7CB is 1.099. We now turn to the N TB -N transition temperatures. For the interarm angle of 1381 the scaled value for T N TB N * is 0.254. On reducing the angle w to 1351 the transition temperature T N TB N * increases slightly to 0.259. The ratio of these two scaled temperatures which is comparable with experiment is 0.982. The experimental value for the ratio of CB6OCB to CB7CB is also close to unity at 1.016 but is slightly larger than predicted although we stress again that the parameters were not adjusted to fit experiment. Of course, at a qualitative level theory predicts that T N TB N * for CB6OCB should be lower than that for CB7CB but the reverse is the case although slightly so. We should also note that the extreme sensitivity of the predictions of the model to the interarm angle is strangely mimicked by a similar sensitivity for the prediction, also based on a V-shaped model, of the transition temperatures of the biaxial nematic phase. 59 We should also note that the theory of Greco et al. 24 predicts the N TB -N phase transition to be second order whereas experimentally the N TB -N transition for CB7CB is clearly first order; 5 that for CB6OCB is also first order but very weak. However, both experimental cases agree with the most recent Landau theory in which the effective curvature of the molecule is also accounted for. 47 The details Fig. 14 The variational molecular-field predictions for V-shaped molecules with the interarm angle, w, equal to (a) 1351 and (b) 1381. The results for the orientational order parameters are shown as a function of the scaled temperature, T*. The second-rank quantities are defined in the text and hP wm 1 i is the first-rank order parameter where w is the axis bisecting the molecular V and P wm as to how the molecular curvature enters the theory are not given here but may be found in the original paper.
The molecular field theory also predicts the orientational order parameters of the mesogenic arms with respect to the director which are shown as hP 2 i; these are related to the quadrupolar splittings. 5, 51 In the nematic phase we see that the order parameters are similar for the two V-shaped molecules at the nematic-isotropic transition. However, as the transition to the twist-bend nematic is approached the order parameter in the N phase is significantly larger for the molecule with the inter-arm angle of 1381 than that with the smaller value of 1351. For the model system this difference can be attributed to the longer nematic range for the larger value of w. Such results are in accord with experimental quadrupolar splittings for the dimers CB6OCB-d 2 and CB7CB-d 4 (see Fig. 13 ). Within the twist-bend nematic phase the experimental mean quadrupolar splitting is related to the order parameter defined with respect to the helix axis; this is denoted by hP h 2 i and shown as the red dot-dashed lines in Fig. 14. We can see that for the slightly smaller value of w there is a steep decrease in the order parameter followed by a gentler but significant increase with further decrease in the temperature. This is consistent with the growth in the order being greater than that resulting from further increase in the conical angle. In contrast for the slightly larger inter-arm angle the order parameter decreases less rapidly and then grows very slowly with decrease in temperature. This behaviour for the two model dimers is in reasonable, qualitative agreement with that shown in Fig. 13 for CB7CB-d 4 and CB6OCB-d 2 .
For the latter dimer the mean quadrupolar splitting decreases on entering the N TB phase and then continues to decrease but slightly less slowly. For the former, the results in Fig. 13 show a discontinuous increase in the mean quadrupolar splitting followed by a small growth and a more or less constant value. This low temperature variation is in accord with theory but not the increase in the mean splitting at the N TB -N transition which predicts a decrease.
The results from the molecular field theory suggest that some qualitative understanding of the behaviour of liquid crystal dimers in forming both nematic and twist-bend nematic phases might be obtained from their bent nature via the angle between their mesogenic arms. This might in some way avoid the effect of the molecular complexity especially that originating from the spacer. However the extreme sensitivity of the predictions to the interarm angle shows that the estimation of the angle between the two mesogenic arms will need to be with great care. We now take an initial step in considering how this might be achieved. Frequently the structure of liquid crystal dimers is shown for simplicity, as that when the spacer is in its all-trans conformation which appears to be a convenient starting point. Such structures, obtained from quantum chemical calculations, are shown for CB7CB and CB6OCB in Fig. 15 . These clearly resemble a V or perhaps a truncated V-shape which is especially appropriate for our task. The orientations of the mesogenic groups are indicated by the arrows which pass through the carbons at the ends of the cyanobiphenyl groups for CB6OCB. These clearly show that the inter-arm angle for CB7CB is smaller than for CB6OCB as expected following the introduction of the ether link in the spacer. Based on this simple picture alone it might be thought that this difference in the interarm angle and hence the molecular curvature would result in a lower twist-bend nematic transition temperature, T N TB N , for CB7CB than for CB6OCB; this would be in keeping with the predictions of the molecular field theory for V-shaped molecules. However at a quantitative level the angles employed in the theory are significantly larger than those of the dimers in their all-trans forms although the difference in these are far larger than those used in the molecular field theory. We should, however, recall that although the all-trans conformation is the ground state for CB7CB it is not for CB6OCB. Here both experiment and quantum chemical calculations reveal that with an ether group the ground state has a gauche link in the spacer. This conformation is also shown for CB6OCB in Fig. 15 and it is apparent that its shape has a greater curvature or bend than for the all-trans form. In fact the angle between the cyanobiphenyl groups, calculated from the vector product of the vectors associated with the two cyanobiphenyl groups, has decreased and is now 1031 in comparison to 1271 for the all-trans form. This illustrates quite clearly how misleading the use of single conformers to gauge the curvature of such flexible molecules can be.
To overcome this particular challenge we need to be able to use all of the conformers in assessing the molecular curvature or those structural factors and properties responsible for the formation of the twist-bend nematic. In addition rather than using discrete conformers as in the RIS model it is desirable and more realistic to use continuous potentials which link the rigid groups forming the molecule such as the important methylene groups. 51 The probability of a conformer in the isotropic phase can be determined from the torsional energies which are available from quantum chemical calculations. For each conformer the angle, y, between the para axes of the cyanobiphenyl groups may be determined irrespective of the conformation of the spacer linking them. This calculation is Fig. 15 The shapes of the dimers (a) CB7CB and (b) CB6OCB in their all-trans form and (c) CB6OCB in its ground state with a gauche link.
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then repeated for many conformations which would be obtained by Monte Carlo sampling of the coordinates defining the conformers. We sample these simply by using the angle y given its relevance to the problem and have sorted a significant number of the conformers simply according to the angle between the mesogenic groups and assigned a probability p(y)sin y for each.
The results of such calculations for the dimers CB7CB and CB6OCB in their isotropic phase are shown in Fig. 16 (a) as a function of y. For CB7CB there is a major peak essentially symmetric about its maximum. This peak corresponds to bent conformers with the most probable angle between the cyanobiphenyl arms of about 1201 but with the y distribution extending widely from about 901 to 1401. In addition, there is a much smaller, less well-defined maximum at about 301 which corresponds to the so-called hairpins where the cyanobiphenyl groups tend to be parallel. What is remarkable is that the distribution function for CB6OCB has essentially the same form as for CB7CB. The essential differences are that the major peak is wider and the fraction of the hairpin conformers is somewhat smaller. It is not clear why these differences could be responsible for the tendency of CB7CB to have a higher T N TB N than CB6OCB. Given this we have sought an answer from the conformational distribution function p(y)sin y for both dimers evaluated in their nematic phases. These calculations differ significantly from those in the isotropic phase because the orientational order influences the conformational probability since the interaction with the director favours the more elongated conformers. In fact the probability now depends on the orientational partition functions of the conformers. 60 Again the torsional variables are continuous and the conformations are generated using umbrella sampling. 61 The predicted distribution functions in the nematic phases are shown in Fig. 16(b) ; in these the orientational order parameter for the mesogens was set at 0.35. What the distribution functions show is that there is now a more noticeable difference between these for CB7CB and CB6OCB. Thus the probabilities for CB6OCB have shifted to higher values of the angle y corresponding to more elongated conformers which would decrease the twist-bend nematicnematic transition temperature. The shift for the CB7CB dimer is not so pronounced which ensures that T N TB N for this dimer should be greater than that of CB6OCB. The fact that the difference in the conformational distribution functions is relatively small whereas the difference in T N TB N is significant, may well be consistent with the small difference in the interarm angle used in the molecular field calculations. However we should not ignore the fact that the changes in the probabilities are not restricted to a single value of the inter-arm angle. Indeed it seems likely that the value of the twist-bend nematic-nematic transition temperature does not rest on a single structural characterisation of the liquid crystal dimer related to just one part of the conformational distribution; more studies, both experimental and theoretical, are clearly required to confirm this. In addition the use of the distribution function for the interarm angle may well need other single properties to evaluate the transition temperatures and so obtain a guide to the design of twist-bend nematogens.
Conclusions
CB6OCB shows a N TB -N transition at 382 K and an N-I transition at 426 K. The N TB phase shows characteristic elliptical polygonal domain and rope-like textures when viewed through the polarising-light microscope. At the N TB -N transition there is a cessation of the optical flickering associated with director fluctuations in a conventional nematic phase. X-ray diffraction studies have confirmed the absence of layer reflection peaks in the lower temperature nematic phase supporting the assignment of N TB . The effective molecular length in both the N and N TB phases corresponds to approximately half the estimated all-trans molecular length of CB6OCB indicating a locally intercalated arrangement of the molecules. The N TB phase assignment is confirmed using FFTEM, and the helicoidal pitch is estimated to be 8.9 nm. We explored different alignment layers and identified approaches that provide tilted and planar alignment of the director in the N phase and the heliconical axis in the N TB phase.
High-resolution calorimetric measurements allow us to obtain the heat-capacity data in the vicinity of the N TB -N phase transition. From such data, the latent heat and, hence the entropy change at the phase transition is obtained and they have allowed us to characterize the phase transitions as weakly first order but much closer to second order than for CB7CB 5 or the longer chain homologue CB9CB. 56 The only published theory that predicts a first-order N TB -N phase transition 47 is consistent with our heat capacity results for CB6OCB and also for those published for CB7CB and CB9CB. In particular, it is clearly observed how the nematic range or the reduced temperature T N TB N /T NI is a key parameter in the first-order character of the transition in a way that the larger the reduced temperature (or the narrower the nematic range), the stronger the first-order character of the N TB -N phase transition is, in a way analogous to the SmA-N transition. The chirality of the N TB phase, one of its key properties, is clearly demonstrated by our 2 H NMR studies of CB6OCB-d 2 , thus contributing to the unambiguous identification of the phase. Another defining property of the nematic phases is their orientational order which is related to the quadrupolar splittings available from the NMR experiments. For the N phase of CB6OCB-d 2 the ordering increases slowly especially as the N TB phase is approached. In contrast, for the related dimer CB7CB-d 4 the order increases rapidly but as the N TB phase is reached its orientational order is significantly smaller than that of CB6OCB-d 2 . More interestingly, in the N TB phase of CB6OCB-d 2 the mean quadrupolar splitting decreases with decreasing temperature showing the tilt of the director with respect to the helix axis. Again this contrasts with that for CB7CB-d 4 where the mean splitting increases at the transition and then is essentially independent of temperature. Such results provide valuable and challenging opportunities to test theories for the twist-bend nematic phase. This has certainly proved to be the case for the variational molecular field theory of the twist-bend nematogen but both the extreme sensitivity to the interarm angle and the molecular complexity mean that there are still questions to be answered.
